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I. INTRODUCTIONA. NuSOnG: Preision Struture Funtions andInisive QCD MeasurementsThe searh for new physis at the �Terasale� � energysales of ∼ 1 TeV and beyond � is the highest priority forpartile physis.NuSOnG is a proposed high energy, high statistisneutrino sattering experiment that an searh for �newphysis� from the keV through TeV energy sales via pre-ision eletroweak and QCD measurements.During its �ve-year data aquisition period, the Nu-SOnG experiment ould reord almost one hundred thou-sand neutrino-eletron elasti satters, and hundreds ofmillions of Deep Inelasti Sattering (DIS) events, ex-eeding the urrent world data sample by more than anorder of magnitude.This experiment an address onerns related to ex-tration of struture funtions and their derived PartonDistribution Funtions (PDFs), investigate nulear or-retions, onstrain isospin violation limits, and performinisive measurement of heavy quarks.II. DEEP INELASTIC SCATTERING ANDPARTON DISTRIBUTION FUNCTIONSExperiment ν DIS ν̄ DIS main isosalarevents events target orretionCCFR 0.95M 0.17M iron 5.67% [4℄NuTeV 0.86M 0.24M iron 5.74% [5℄NuSOnG 606M 34M glass isosalarTable I: Comparison of statistis and targets for parton distri-bution studies in NuSOnG ompared to the two past higheststatistis DIS neutrino sattering experiments.Obtaining a high quality model of the parton distri-bution funtions in neutrino and antineutrino satteringis ruial to the NuSOnG eletroweak measurements [3℄.NuSOnG will go a step beyond past experiments in ad-dressing the systematis of parton distribution funtions(PDFs) by making high statistis measurements for neu-trino and antineutrino data separately. Table I shows thelarge improvement in statistis for NuSOnG omparedto NuTeV and CCFR, the previous highest statistis ex-periments. Issues of unertainties on the nulear orre-tions are avoided by extrating PDFs on SiO2 diretly, insimilar fashion to the NuTeV Pashos-Wolfenstein (PW)analysis.The di�erential ross setions for neutrino and antineu-trino CC DIS eah depend on three struture funtions:
F2, xF3 and RL. They are given by:
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, (1)where +(−) is for ν(ν) sattering. In this equation, xis the Bjorken saling variable, y the inelastiity, and
Q2 the squared four-momentum transfer. The struturefuntions are diretly related to the PDFs.The funtion xF3(x, Q2) is unique to the DIS rosssetion for the weak interation. It originates from theparity-violating term in the produt of the leptoni andhadroni tensors. For an isosalar target, in the quark-parton model, where s = s̄ and c = c̄,
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3 (x) = xF νN

3 (x) − 4x (s(x) − c(x)) . (3)In past experiments, the average of xF3 for neutrinosand antineutrinos has been measured. De�ning xF3 =
1
2 (xF νN

3 + xF ν̄N
3 ), at leading order in QCD,

xF3,LO =
∑

i=u,d..

xqi(x, Q2) − xqi(x, Q2). (4)To the level that the sea quark distributions have thesame x dependene, and thus anel, xF3 an be thoughtof as probing the valene quark distributions. The di�er-ene between the neutrino and antineutrino parity violat-ing struture funtions, ∆(xF3) = xF νN
3 −xF ν̄N

3 , probesthe strange and harm seas. (Cf. Se. VI.)The funtion F2(x, Q2) appears in both the ross se-tion for harged lepton (e or µ) DIS and the ross setionfor ν DIS. At leading order,
F2,LO =

∑

i=u,d..

e2
i (xqi(x, Q2) + xqi(x, Q2)), (5)where ei is the harge assoiated with the interation. Inthe weak interation, this harge is unity. For harged-lepton sattering mediated by a virtual photon, ei isthe frational eletromagneti harge of the quark �avor.Thus F νN

2 and F
e(µ)N
2 are analogous but not identialand omparison yields useful information about spei�parton distribution �avors [6℄ and harge symmetry vio-lation as disussed below. In past neutrino experiments,

F ν
2 and F ν̄

2 have been taken to be idential and an average
F2 has been extrated, although this is not neessarilytrue in nulear targets, as disussed below.Similarly, RL(x, Q2), the longitudinal to transverse vir-tual boson absorption ross-setion ratio, appears in boththe harged-lepton and neutrino sattering ross setions.To extrat RL from the ross setion, one must bin in thevariables x, Q2 and y. This requires a very large dataset. To date, the best measurements for RL ome from

harged lepton sattering rather than neutrino sattering[7℄. Therefore, neutrino experiments have used hargedlepton �ts to RL as an input to the measurements of xF3and F2 [8℄. This, however, is just a matter of the statis-tis needed for a global �t to all of the unknown struturefuntions in x and Q2 bins [9℄. With the high statistisof NuSOnG, preise measurement of RL will be possiblefrom neutrino sattering for the �rst time.As an improvement on past experiments, the highstatistis of NuSOnG allows measurement of up to sixstruture funtions: F ν
2 , F ν̄

2 , xF ν
3 , xF ν̄

3 , Rν
L and Rν̄

L. Thisis done by �tting the neutrino and antineutrino data sep-arately in x, y and Q2 as desribed in Eq. (1). The �rststeps toward �tting all six struture funtions indepen-dently were made by the CCFR experiment [10℄, howeverstatistis were suh that only xF ν
3 , xF ν̄

3 , and F2-averageand R-average ould be measured, where the average isover ν and ν̄. A global �t of up to six struture funtionsin NuSOnG would allow separate parameterizations ofthe underlying PDFs whih an aount for the nulearand isospin violation issues disussed below.In addition to �tting to the inlusive DIS sample,neutrino sattering an also probe parton distributionsthrough exlusive samples. A unique and important aseis the measurement of the strange sea through hargedurrent (CC) opposite sign dimuon prodution. Whenthe neutrino interats with an s or d quark, it an produea harm quark that fragments into a harmed hadron.The harmed hadron's semi-leptoni deay (with branh-ing ratio Bc ∼ 10%) produes a seond muon of oppositesign from the �rst:
νµ + N −→ µ− + c + X

→֒ s + µ+ + νµ . (6)Similarly, with antineutrinos, the interation is with an
s or d,

νµ + N −→ µ+ + c + X

→֒s + µ− + νµ . (7)The opposite sign of the two muons an be determinedfor those events where both muons reah the toroid spe-trometer. Study of these events as a funtion of the kine-mati variables allows extration of the strange sea, theharm quark mass, the harmed partile branhing ratio(Bc), and the Cabibbo-Kobayashi-Maskaka matrix ele-ment, |Vcd|.
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Figure 1: The assumed energy-weighted �ux(E dφ/dE/106 POT ) based on the NuTeV experimentin a) neutrino mode (left) and b) antineutrino mode (right).a) In neutrino mode the �uxes are ordered: upper (blak),muon neutrino; middle (blue), eletron neutrino and antineu-trino; lower (red), muon antineutrino. b) In antineutrinomode the �uxes are ordered: upper (red), muon antineutrino;middle (blue), eletron neutrino and antineutrino; lower(blak), muon neutrino.III. EXPERIMENTAL EXTRACTION OFSTRUCTURE FUNCTIONS IN NUSONGA. Desription of NuSOnGThe NuSOnG detetor was designed to be sensitiveto a wide range of neutrino interations from ν-eletronsattering as well as ν-nuleon sattering, though thispaper fouses mainly on the latter proess. The designhas been desribed in detail in Refs. [3, 11℄ and so weprovide only a brief summary here.The neutrino beam would be produed via a high en-ergy external proton beam from a high intensity aeler-ator with energy of ∼ 1 TeV. The Fermilab Tevatron isan existing example. The CERN SPS+ [12, 13℄, whihis presently under onsideration beause of its value tothe LHC energy and luminosity upgrades and to a futurebeta beam, is a seond example.The NuSOnG beam design will be based on the oneused by the NuTeV experiment, whih is the most reenthigh energy, high statistis neutrino experiment. Theexperiment would use 800 GeV protons on target fol-lowed by a quad-foused, sign-seleted magneti beam-line. The beam �ux, shown in Fig. 1, has very high neu-trino or antineutrino purity (∼98%) and small νe on-tamination (∼2%) from kaon and muon deay. Using anupgraded Tevatron beam extration it is expeted thatNuSOnG ould ollet 5 × 1019 protons/yr, an inreaseby a fator of 20 from NuTeV. With this high intensity,suh a new faility would also produe a neutrino beamfrom the proton dump having a sizable fration of tauneutrinos for study.The baseline detetor design is omposed of a�ne-grained target alorimeter for eletromagneti andhadroni shower reonstrution followed by a toroid

muon spetrometer to measure outgoing muon momenta.The target alorimeter will be omposed of 2,500 2.5 m
× 5 m × 5 m glass planes interspersed with proportionaltubes or sintillator planes. This gives a target whih ismade of isosalar material with �ne 1/4 radiation lengthsampling. The detetor will be omposed of four targetsetions eah followed by muon spetrometer setions andlow mass deay regions to searh for long-lived heavy neu-tral partiles produed in the beam. The total length ofthe detetor is ∼200 m and the �duial mass for the fourtarget alorimeter modules will be 3 kiloton whih is 6times larger than NuTeV or CHARM II. Figure 2 showsa simulated νµ harged urrent event in the detetor.B. Desription of NuSOnG Calibration BeamThe requirements for NuSOnG alibration beam wouldbe similar to those of NuTeV. Tagged beams of hadrons,eletrons, and muons over a wide energy range (5-200 GeV) would be required. The alibration beam willhave the ability to be steered over the transverse fae ofthe detetor in order to map the magneti �eld of eahtoroid with muons. Steering for hadrons and eletronswould be less ruial than it was in NuTeV's ase, butwould still be useful.The alibration beam an be onstruted with a sim-ilar design to NuTeV. Upstream elements were used toselet hadrons, eletrons, or muons. An enhaned beamof eletrons was produed by introduing a thin lead radi-ator into the beam and detuning the portion of the beamdownstream of the radiator. A radiator was also usedin the nominal beam tune to remove eletrons. PartileID (a threshold Cerenkov and TRDs) was inorporatedin the spetrometer and used to tag eletrons when run-ning at low energy. A pure muon beam was produed byintroduing a 7 m long beryllium �lter in the beam as anabsorber.The NuTeV alibration spetrometer determined in-oming partile momenta with a preision of better than0.3% absolute [14℄. The NuSOnG goal for alibration-beam preision would be to measure energy sales to apreision of about 0.5%, and we demonstrate (in latertext of this paper) that this an be improved with �ts toneutrino data.For omparison, using the alibration beam, NuTeVahieved 0.43% preision on absolute hadroni energysale and 0.7% on absolute muon energy sale (dominatedby the ability to aurately determine the toroid map).Preise knowledge of the muon energy sale is espeiallyimportant in order to ahieve high measurement aurayon the neutrino �uxes using the low-ν method. For ex-ample, a 0.5% preision on muon energy sale translatesinto about a 1% preision on the �ux. Both energy salesare important for preision struture funtion measure-ments, and were the largest ontributions to struturefuntion measurement unertainties in NuTeV [15℄.
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Figure 2: A simulated muon neutrino, harged urrent event in the NuSOnG detetor.C. Experimental Extration of Struture Funtionsin NuSOnGThe high statistis of the NuSOnG experiment makesit possible to extrat the struture funtions diretlyfrom the y-distributions within bins of (x, Q2
). Previouslower-statistis high-energy neutrino experiments eitherextrated struture funtions by omparing the numberof ν versus ν events in an (x, Q2

) bin [4℄, or by extratingthe ross-setions dσ/dy within the (x, Q2
) bin and �t-ting for the struture funtions using Equation (1) [15℄.Either method assumes a value for RL = σL/σT as mea-sured by other experiments [16℄, and depends on a mea-surement of the strange sea from dimuon events [17, 18℄.With su�ient statistis, we an explore the possibilityof measuring xF ν

3

(

x, Q2
), xF ν

3

(

x, Q2
), F2

(

x, Q2
), and

R
(

x, Q2
) from the same data [10℄.

Let us denote Eq. (1) as a funtion of the stru-ture funtions by dσν(ν) (xF3, F2, R), where the (x, Q2
)-dependene is assumed and where the struture funtionsan be di�erent for neutrinos and antineutrinos. A sam-ple of Monte Carlo events, Nν(ν)

MC,gen, is generated using anassumed set of struture funtions for the ross-setion:
dσν,ν (xF gen

3 , F gen
2 , Rgen). One an then �t for the stru-ture funtions in eah (x, Q2

) bin by minimizing
χ2 =

∑

ν,ν

∑

y−bins

(

N
ν(ν)
data − N

ν(ν)
MC,pred (SF fit)

)2

N
ν(ν)
data

, (8)where N
ν(ν)
MC,pred (SF fit), the reweighted Monte-Carloevents in an (x, Q2, y

) bin, is given by
N

ν(ν)
MC,pred (SF fit) =

∑

ν(ν) events in

(x,y,Q2) bin

dσν(ν)
(

xF fit
3 , F fit

2 , Rfit
)

dσν(ν) (xF gen
3 , F gen

2 , Rgen)
N

ν(ν)
MC,gen (SF gen) , (9)
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Figure 3: Frational hange in number of events for two harateristi (x, Q2) bins as a funtion of y. The frational hangeomes from saling the energy of eah event by a fator of 1.005.
N

ν(ν)
data is the number of ν or ν data events in the (x, y, Q2

)bin, and N
ν(ν)
MC,gen is the number of Monte-Carloevents generated in the (x, y, Q2

) bin. xF fit
3

(

x, Q2
),

F fit
2

(

x, Q2
), and Rfit

(

x, Q2
) are the �t parameters inthe χ2-minimization of Eq. (8). In priniple they an be�t separately for ν and ν struture funtions. Here wewill onentrate on the measurement ox f up to four sep-arate struture funtions, ∆xF3

(

x, Q2
)

= xF ν
3

(

x, Q2
)

−

xF ν
3

(

x, Q2
), xF avg

3 = (xF ν
3 + xF ν

3 )/2, F2

(

x, Q2
),and R

(

x, Q2
) where we assume that F2

(

x, Q2
) and

R
(

x, Q2
) are the same for neutrinos and antineutri-nos i.e. F2

(

x, Q2
)

= F ν
2

(

x, Q2
)

= F ν
2

(

x, Q2
) and

R
(

x, Q2
)

= Rν
(

x, Q2
)

= Rν
(

x, Q2
).

D. Fitting for ∆xF3We have studied the extration of the struture fun-tion from the 600 million neutrino and 33 million anti-neutrino deep inelasti sattering events expeted in thefull NuSOnG data set. The dominant systemati erroromes from the measurement of the muon momentumin the toroidal spetrometer. At NuTeV, the system-ati unertainty was 0.7% and we assume NuSOnG willahieve 0.5%. Our studies are arried out by �tting the y-distribution in eah x, Q2 bin for F2, the average value of
xF3 = xF avg

3 = (xF ν
3 +xF ν

3 )/2, ∆xF3 = xF ν
3 −xF ν

3 ,and
R. In the �rst set of studies, R(x, Q2) is set equal to themeasured value[16℄ and �ts are done to the three stru-ture funtions, F2, xF avg

3 , and ∆xF3.Our �tting proedure begins with a sample of MonteCarlo generated events, Ngen(x, Q2, y), sampled from
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Figure 4: Frational unertainty for the �t value of ∆xF3 in di�erent x bins as a funtion of Q2. The �t is to multiple x and Q2bins extrating the three struture funtions, F2,xF avg
3

and ∆xF3. For eah of the �ts, a global set of energy sale parametersis also determined from the �t. The dotted lines show the frational error for the NuTeV 2µ measurement.



8the CCFR struture funtions and the nominal value for
∆xF3 from NuTeV. We �t in bins of (x, Q2) as a funtion of y and obtain the �t spetra by reweighting the originalsample:

Nfit(x, Q2, y) =
F fit

2 (x, Q2)(2 − 2y + y2/(1 + R)) ± xF fit
3 (x, Q2)(1 − (1 − y)2)

Fnom
2 (x, Q2)(2 − 2y + y2/(1 + R)) ± xFnom

3 (x, Q2)(1 − (1 − y)2)
Ngen(x, Q2, y).where the upper sign is for neutrinos and the lower foranti-neutrinos. In order to study the e�ets of the sys-temati energy sale shift, we produe a Monte Carlosample where the muon energy sale is shifted by 0.5%,

Emeas
µ = 1.005Etrue

µ , for eah event. The frationalhange in the number of events in eah bin due to theenergy sale shift is shown in Fig. 3.This shifted event distribution, Nshift(x, Q2, y), isthen used to arry out a three parameter �t to Eq. 8where F2, xF avg
3 , and ∆xF3 are varied. Large shifts in

∆xF3 result. For example, the shift from the input valuein the (x, Q2) = (0.08, 12.6GeV 2) bin is 19.01% and theshift in other bins is even larger.The e�ets of the energy sale unertainty an be pra-tially eliminated by inluding energy sale shift param-eters in the �t. A muon energy sale hange shifts theevents in the various y-bins by an amount that is not on-sistent with that expeted from hanges in the struturefuntions. Therefore, �ts to the y-distributions an iso-late the e�ets of an energy sale shift and signi�antlyredue the struture funtion unertainty from this sys-temati error. To estimate the systemati error redu-tion for this tehnique, three additional energy sale pa-rameters are introdued in the �t to the y-distributions.These three parameters are used to produe an energysale shift parameterization in eah (x, Q2, y
) bin givenby

Eµscale = Eµscale1 + Eµscale2Eµ + Eµscale3E
2
µ.The updated predition for the number of events in agiven (x, Q2, y

) bin is
N

ν(ν)
pred(SFfit) = N

ν(ν)
MC,pred (SF fit)

+Eµscale

(

Nshift(x, Q2, y) − Ngen(x, Q2, y)
)

,

. (10)and the χ2 used in the minimization similar to Eq. 8with the addition of pull terms assoiated with the threeenergy sale parameters
χ2 =

∑

ν,ν

∑

y−bins

(

N
ν(ν)
data − N

ν(ν)
pred (SF fit)

)2

N
ν(ν)
data

+ Eµscale1 +
Eµscale2

(0.02)2
+

Eµscale3

(0.0002)2
. (11)These pull terms orrespond to an energy sale uner-tainties of about 0.5% for muon energy values averaging

between 50 and 70 GeV. This �tting tehnique rendersthe systemati error from the sale shift to be small inomparison with the statistial error. For example, inthe bin (x, Q2
)

= (0.275, 32 GeV2) bin, the systematierror for ∆xF3 is 0.3% while the statistial error is 10%;the value of the Eµscale1 parameter is also determined toabout 10%.In the ultimate analysis, the �t will be arried out si-multaneously over all x and Q2 bins with one set of en-ergy sale parameters. We have studied this using eight
x bins and six to eight Q2 bins. Figure 4 shows the fra-tional error on ∆xF3 for di�erent x bins as a funtion of
Q2. In general, we believe NuSOnG an measure ∆xF3over most of the (x, Q2) range to better than 10%; inmany ases around 3%. Typial values for NuTeV areshown in two x bins in Fig. 4. Sine more than one
(

x, Q2
) bin is being used to determine the energy saleshift parameters, the value of the Eµscale1 parameter analso determined to about 3% from these �ts.Simulation studies have also been made to estimate theunertainties assoiated with doing �ts to extrat the fourstruture funtions, F2, xF avg

3 , ∆xF3,and R. The proe-dure is the same as used for the three struture funtion�ts where the χ2 in Eq. 11 is minimized simultaneouslyover a number of x and Q2 bins with one set of energysale parameters. In this ase, the ∆xF3 and Rlong stru-ture funtions an be determined to between 5% and 20%for most of the x and Q2 range as shown in Figs. 5 and 6.The simulated Rlong measurements are shown in Fig. 7along with previous measurements.[16℄ As indiated fromthis �gure, the apabilities of the NuSOnG to measure
Rlong is muh more preise that any previous experiment.In summary, due to the very high statistis of a Nu-SOnG type experiment, an almost omplete set of stru-ture funtions over a broad range of x and Q2 an beextrated from the data without introduing theoreti-al or experimental approximations. Further, systematiunertainties that have limited the preision of previousstruture funtion measurements an be eliminated by in-luding �ts to these unertainties in the extration proe-dure. We believe that with these tehniques the struturefuntion measurements will be statistis limited even forNuSOnG.
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Figure 5: Frational unertainty for the �t value of ∆xF3 in di�erent x bins as a funtion of Q2. The �t is to multiple xand Q2 bins extrating the four struture funtions, F2,xF avg
3

, ∆xF3, and R. For eah of the �ts, a global set of energy saleparameters is also determined.



10IV. NUCLEAR EFFECTSHistorially, neutrino experiments have played a majorrole in expanding our understanding of parton distribu-tion funtions through high statistis experiments suh asCCFR [8℄, NuTeV [8, 15, 19℄, and CHORUS [20℄. How-ever, the high statistis extrat a prie sine the largeevent samples require the use of nulear targets � iron inthe ase of both CCFR and NuTeV and lead in the aseof the Chorus experiment. The problem is that if onewants to extrat information on nuleon PDFs, then thee�ets of the nulear targets must �rst be removed. Nu-SOnG an provide key measurements whih will improvethese orretions.Charged lepton deep inelasti sattering has been mea-sured on a wide range of targets. The most simplisti ex-petation for the struture funtions might be that theywould simply be given by an average of the appropriatenumber of proton and neutron results as in
FA

2 (x, Q2) =
Z

A
FP

2 (x, Q2) +
A − Z

A
Fn

2 (x, Q2).However, the results from a wide range of experimentsshow a muh more omplex behavior for the struturefuntions on nulei. The typial behavior of the ratioof FA
2 (x, Q2) to F d

2 (x, Q2) where d denotes a deuteriumtarget shows four distint regions as skethed in Fig. 8.At small x the ratio dips below one in what is alledthe shadowing region. At somewhat larger values of xthe ratio rises above one in the antishadowing region. Atstill larger values of x the ratio again falls below one inthe EMC region. Finally, as x approahes one, Fermimotion smearing auses a signi�ant rise in the ratio.This behavior shows only a modest dependene on Afor values above beryllium, with the shape remainingqualitatively the same and the amount of the suppressionat x ≈ 0.6 inreasing slowly with log(A). Furthermore,there is little, if any, observed dependene on Q2. Thesefeatures are summarized niely in the results shown inRef. [21℄.The mehanisms of nulear sattering have also beenstudied theoretially. These mehanisms appear to bedi�erent for small and large Bjorken x as viewed from thelaboratory system. Bjorken x is de�ned as x = Q2/2Mν,where ν and q are energy and momentum transfer tothe target and Q2 = q
2 − ν2. The physial quantitywhih is responsible for the separation between large andsmall x regions is a harateristi sattering time, whihis also known as Io�e time (or length) τI = ν/Q2 [22℄.If τI is smaller than the average distane between boundnuleons in a nuleus then the proess an be viewed asinoherent sattering o� bound nuleons. This happensat larger x(> 0.2).

A. Nulear e�ets at small xWe expet to �nd a di�erene between harged-leptonnuleus and neutrino nuleus sattering at small-x be-ause the spae-time pitures for the two proesses aredi�erent in this region. The underlying physial meha-nism in the laboratory referene frame an be skethedas a two-stage proess. At the �rst stage, the virtualphoton γ∗, or W ∗ or Z∗ in ase of neutrino interations,�utuates into a quark-gluon (or hadroni) state. In theseond stage, this hadroni state then interats with thetarget. The unertainty priniple allows an estimate ofthe average lifetime of suh hadroni �utuation as
τ =

2ν

m2 + Q2
=

1

xM

Q2

m2 + Q2
, (12)where m is invariant mass of hadrons into whih the vir-tual boson onvert, and M is the proton mass. The samesale τ also determines harateristi longitudinal dis-tanes involved in the proess. At small x, τ exeeds theaverage distane between bound nuleons. For this rea-son oherent multiple interations of this hadroni �u-tuation in a nuleus are important in the small-x kine-matial region. It is well known that the nulear shad-owing e�et for struture funtions is a result of oherentnulear interations of hadroni �utuations of virtualintermediate boson. 1For neutrino interations whih are mediated by theaxial-vetor urrent, the �utuation time τ is also givenby Eq. 12. However, as was argued in Ref. [24℄, the �u-tuation and oherene lengths are not the same in thisase. In partiular, the oherene length is determinedby the pion mass mπ in Eq. 12 beause of the dominaneof o�-diagonal transitions like a1N → πN in nulear in-terations. Sine the pion mass is muh smaller than typ-ial masses of intermediate hadroni states for the ve-tor urrent (mρ, mω, et.), the oherene length Lc ofintermediate states of the axial urrent at low Q2 willbe muh larger than Lc of the vetor urrent. A diretonsequene of this observation is the early onset of nu-lear shadowing in neutrino sattering at low energy andand low Q2 as ompared with the shadowing in harged-lepton sattering. The basi reason for this earlier onsetand di�erent behavior in the transition region is the dif-ferene in the orrelation lengths of hadroni �utuationsof the vetor and axial-vetor urrents. This is also illus-trated by observing that for a given Q2, the ross-setionsuppression due to shadowing ours for muh lower en-ergy transfer (ν) in neutrino interations than for hargedleptons.1 For a reent review of nulear shadowing see, e.g., [23℄.
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Figure 6: Frational unertainty for the �t value of R in di�erent x bins as a funtion of Q2. The �t is to multiple x and Q2 binsextrating the four struture funtions, F2,xF avg
3

, ∆xF3, and R. For eah of the �ts, a global set of energy sale parameters isalso determined.



12B. Nulear E�ets in Neutrino InterationsAs there has been no systemati experimental studyof ν and ν nuleus interations, one must then rely ontheoretial models of the nulear orretions. This is anunsatisfatory situation sine one is essentially measuringquantities sensitive to the onvolution of the the desiredPDFs and unknown � or model dependent � nulear or-retions.As noted above, theoretially there are substantial dif-ferenes between harged lepton and neutrino intera-tions on the same nuleus. There are other expeted dif-ferenes for neutrinos. For example, the relative nulearshadowing e�ets for the struture funtion F3 is pre-dited to be substantially di�erent from that for F2 [25℄.This is beause the struture funtion F3 desribes theorrelation between the vetor and the axial-vetor ur-rent in neutrino sattering. In terms of heliity rosssetions, the struture funtion F3 is given by the rosssetion asymmetry between the left- and right-polarizedstates of a virtual W boson. It is known that suh a dif-ferene of ross setions is strongly a�eted by Glaubermultiple sattering orretions in nulei. [26, 27, 28℄This auses an enhaned nulear shadowing e�et for thestruture funtion F3.It is important to experimentally address the questionof nulear e�ets in neutrino sattering so that the neu-trino data an be used in proton �ts without bringingin substantial nulear unertainties. For example, in areent analysis [29℄ the impat of new neutrino data onglobal �ts for PDFs was assessed. The onlusion reahedin this analysis was that the unertainties assoiated withnulear orretions preluded using the neutrino data toonstrain the nuleon PDFs. If NuSOnG an addressthese unertainties, then the neutrino data an play aneven more prominent role in the global �ts to the protonPDF.Furthermore, nulear e�ets are interesting in theirown right. Parameterizations of nulear PDFs on vari-ous targets exist in the literature. However, there is nouniversally aepted model whih desribes these nulearorretions over the entire range of x from �rst priniples.This makes it di�ult to generalize the above behaviorobserved in harged lepton DIS to DIS with ν or ν beams.Models suh as that in Ref. [30℄ exist, but to date therehave been no high statistis studies of ν or ν DIS over awide range of nulear targets with whih to test them.A study presented in Ref. [29℄ examined the role of newlepton pair prodution data from E-866 and new neutrinoDIS data from the NuTeV and CHORUS ollaborationsin global �ts for nuleon PDFs. For the atual �tting ofthe PDFs it was neessary to inlude nulear orretionsfor the neutrino and antineutrino ross setions and themodel of Ref. [30℄ was used. As a byprodut of that anal-ysis, it was possible to ompare a referene �t, obtainedwithout using data on nulear targets, to the neutrinoand antineutrino data in order to obtain an estimate ofwhat the nulear orretions should look like. This om-

parison is shown in Fig. 9.This �gure shows some results from Ref. [29℄ in theform of �data/theory� averaged over Q2 and presentedversus x. The results are from a global �t but are plottedwithout the model-dependent nulear orretions whihwere used in the �t (the neutrino data were not used inthe referene �t.) It is notable that the overall pattern ofdeviations shown in Fig. 9 are, in general, similar to thatseen in harged lepton DIS as skethed in Fig.8. However,the deviations from unity are perhaps smaller. At high
x, the e�et of Fermi smearing is lear. At moderate xthe EMC e�et is observable. It is interesting to notethat there is no lear indiation of a turnover at low x inthe shadowing region for ν data. Also, note the strikingsimilarity between the ν and ν results. This appears toimply that the di�erenes in the nulear e�ets betweenneutrino and antineutrino DIS are small. As disussedlater, when we onsider ∆xF3 and isospin violation, it isruial to model di�erenes in the nulear e�ets between
ν and ν̄ sattering as a funtion of x.To make progress in understanding nulear orretionsin neutrino interations, aess to high statistis data ona variety of nulear targets will be essential. This willallow the A-dependene to be studied as a funtion ofboth x and Q2, as has been done in harged lepton deepinelasti sattering. PDFs from global �ts without theneutrino data an then be used to make preditions to beompared with the A-dependent ν and ν ross setions,thereby allowing the nulear orretions to be mappedout for omparison with theoretial models.The primary target of NuSOnG will be SiO2. However,we an investigate a range of A-values by replaing a fewslabs of glass with alternative target materials: C, Al,Fe, and Pb. This range of nulear targets would bothextend the results of Minerva to the NuSOnG kinematiregion, and provide a hek (via the Fe target) againstthe NuTeV measurement.Given the NuSOnG neutrino �ux, we antiipate 58k ν-indued and 30k ν̄-indued CC DIS events per ton of ma-terial. A single ton would be su�ient to extrat F2(x)and xF3(x) averaged over all Q2; a single 5 m×5 m×2.54m slab of any of the above materials will weigh morethan that. The use of additional slabs would permit fur-ther extration of the struture funtions into separate
(x, Q2) bins as was done in the NuTeV analysis, at thepotential expense of ompliating the shower energy res-olution in the sub-detetors ontaining the alternativetargets; this issue will be studied via simulation.Table II shows that two 50-module staks would besu�ient to aumulate enough statistis on alternativenulear targets for a full struture-funtion extration foreah material. However, for basi ross-setion ratios in
x, a single slab of eah would su�e.
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Figure 7: Extrated values of R (labeled NuSOnG) from the four struture funtion �ts as ompared to previousmeasurements[16℄ (labeled SLAC).
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Figure 8: Typial behavior of the ratio of the struture fun-tion on a nulear target A to that on a deuterium target.

Figure 9: Comparison between the referene �t and the un-shifted CHORUS and NuTeV neutrino data without any nu-lear orretions.C. Measuring Nulear E�ets with the Minervaand NuSOnG DetetorsThe Minerva experiment will also be studying neutrinoindued nulear e�ets and will be starting its initialphysis run in early 2010. To study nulear e�ets inMinerva, a ryogeni vessel ontaining liquid helium (0.2ton �duial mass)will be installed upstream of the Min-erva detetor. Within the Minerva detetor, solid ar-bon, iron and lead targets will be installed upstream ofthe pure sintillator ative detetor. The total mass is0.7 ton of Fe, 0.85 ton of Pb, 0.4 ton of He and some-what over 0.15 ton of C. Sine the pure sintillator ativedetetor essentially ats as an additional 3-5 ton arbontarget (CH), the pure graphite (C) target is mainly to

Material Mass of Number of slabs needed2.54 m slab (tons) for NuTeV-equivalent statistisC 1.6 33Al 1.9 27Fe 5.5 10Pb 7.9 7Table II: Alternative target materials for ross-setion analy-sishek for onsisteny. For a run onsisting of 4.0 x 1020POT in the NuMI Low Energy (LE) beam and 12× 1020POT in the NuMI Medium Energy (ME) beam, Minervawould ollet over 2 M events on Fe, 2.5 M events on Pb,600 K on helium and 430 K events on C as well as 9.0 Mevents on the sintillator within the �duial volume.Studying nulear e�ets with the NuSOnG detetorwill involve fewer nulear targets but onsiderably morestatistis on eah. In addition, the muh higher energyof the inoming neutrinos with NuSOnG means a muhwider kinemati range of study. In partiular, NuSOnGwill have a muh higher Q2 for a given low-x to studyshadowing by neutrinos and will be able to measure theshadowing region down to muh smaller x for the sameQ2 range as Minerva. A signi�ant addition to the studyof nulear e�ets with neutrinos would be the addition ofa large, perhaps ative ("Bubble Chamber"), ryogenitarget ontaining hydrogen or deuterium. With the in-tense NuSOnG neutrino beam, a signi�ant sample ofneutrino-hydrogen and neutrino-deuterium events ouldprovide the normalization we need to further unfold nu-lear e�ets in neutrino-nuleus interations.V. QCD FITSThe extration of up to six struture funtions fromthe ross setions of neutrino and anti-neutrino DIS dis-ussed so far (f, Eq. (1)) has been ompletely model-independent relying only on some fundamental priniplessuh as Lorentz-invariane of the ross setion and gauge-invariane of the hadroni tensor whih is expanded interms of the struture funtions whih parameterize theunknown hadroni physis.More an be said about the struture funtions inQCD. While it is still not possible to aurately om-pute the x-dependene of the struture funtions from�rst priniples, QCD allows us to derive renormalizationgroup equations (RGEs) whih relate the struture fun-tions at di�erent (perturbative) sales Q. Note that thestruture funtions at the sale Q an be diretly relatedto struture funtions at a di�erent sale Q0 (see, e.g.,Eqs. (5.58) and (5.76) in [31℄). However, it is more onve-nient to work in the QCD-improved parton model wherethe RGEs governing the sale-dependene of the partondistribution funtions (PDFs) are the familiar DGLAPevolution equations; these an also be used to omputethe struture funtions at Q given the PDFs at that sale.



15[32, 33, 34℄ Furthermore, this approah has the ruialadvantage that the universal PDFs allow us to make pre-ditions for other observables as well. In addition tothe Q-dependene, the QCD alulations provide ertain(approximate) relations between di�erent struture fun-tions as will be visible from the parton model expressionsbelow.In this setion we will disuss the analysis of the rosssetion data within the framework of the QCD-improvedparton model. Already in the past, high statistis mea-surements of neutrino deeply inelasti sattering (DIS) onheavy nulear targets (NuTeV, ...) have attrated muhinterest in the literature sine they provide valuable in-formation for global �ts of PDFs [35, 36℄.Due to the weak nature of neutrino interations, theuse of nulear targets is unavoidable; this ompliatesthe extration of free nuleon PDFs, beause model-dependent orretions must be applied to the data (fSe. IV). Of ourse, these same data are also usefulfor extrating the nulear parton distribution funtions(NPDFs) and for suh an analysis no nulear orre-tion fators are required. Conversely, the NPDFs anbe utilized to ompute the required nulear orretionfators within the QCD parton model [37℄. Similar toproton PDFs, universal nulear PDFs are needed for thedesription of many proesses with nulei in the initialstate. This involves physis at other neutrino experi-ments, heavy ion olliders (RHIC, LHC), and a possiblefuture eletron-ion ollider (EIC).The NuSOnG experiment will have two orders of mag-nitude higher statistis than the NuTeV and CCFR ex-periments (over an extended kinemati range), and soit will be possible to study small e�ets suh as thestrangeness asymmetry with better preision, or to estab-lish for the �rst time isospin violation in the light quarksetor. Better understanding these e�ets is relevant forimproving the extration of the weak mixing angle in aPashos�Wolfenstein type analysis.A. PDFsNuSOnG will perform measurements on di�erent nu-lear targets. The PDFs for a nuleus (A, Z) are on-struted as
fA

i (x, Q) =
Z

A
f

p/A
i (x, Q) +

(A − Z)

A
f

n/A
i (x, Q) . (13)In the following disussion we take into aount devia-tions from isospin symmetry, a non-vanishing strangenessasymmetry and the possibility to have non-isosalar tar-gets. For this purpose we introdue the following linearombinations of strange quark PDFs:

s+,A = sA + s̄A , s−,A = sA − s̄A , (14)where the strangeness asymmetry is desribed by a non-vanishing PDF s−. Note however that we ontinue to

assume sp/A = sn/A and s̄p/A = s̄n/A. Also, we negletany possible harm asymmetry, i.e., we use cA = c̄A suhthat c−,A = cA − c̄A = 0 and c+,A = cA + c̄A = 2cA.Deviations from isospin symmetry an be parameter-ized in the following way:
δup/A

v = up/A
v − dn/A

v , δdp/A
v = dp/A

v − un/A
v , (15)

δūp/A = ūp/A − d̄n/A , δd̄p/A = d̄p/A − ūn/A . (16)These de�nitions allow us to write the PDFs in a waywhih makes deviations from isosalarity and isospinsymmetry manifest:
2uA

v = [up/A
v + dp/A

v − δdp/A
v ] −

∆[up/A
v − dp/A

v + δdp/A
v ] , (17)

2dA
v = [up/A

v + dp/A
v − δup/A

v ] +

∆[up/A
v − dp/A

v − δup/A
v ] , (18)

2ūA = [ūp/A + d̄p/A − δd̄p/A] −

∆[ūp/A − d̄p/A + δd̄p/A] , (19)
2d̄A = [ūp/A + d̄p/A − δūp/A] +

∆[ūp/A − d̄p/A − δūp/A] , (20)where ∆ = (N −Z)/A parameterizes the deviation fromisosalarity. We have written Eqs.(17)�(20) so that theRHS is expressed expliitly in terms of proton PDFsand the four δ-terms {δu
p/A
v , δd

p/A
v , δūp/A, δd̄p/A}; the

δ-terms vanish individually if isospin symmetry is pre-served. B. Struture funtionsThe struture funtions for a nulear target (A, Z) aregiven by
FA

i (x, Q) =
Z

A
F

p/A
i (x, Q) +

(A − Z)

A
F

n/A
i (x, Q) (21)suh that they an be omputed in next-to-leading orderas onvolutions of the nulear PDFs with the onven-tional Wilson oe�ients, i.e., generially

FA
i (x, Q) =

∑

k

Cik ⊗ fA
k . (22)In order to disuss whih information an be extratedfrom a high statistis measurement of neutrino and anti-neutrino DIS ross setions we brie�y review the partonmodel expressions for the 6 struture funtions. For sim-pliity, we �rst restrit ourselves to leading order, negletheavy quark mass e�ets (as well as the assoiated pro-dution thresholds), and assume a diagonal CKMmatrix.In our numerial results, these e�ets are taken into a-ount.The neutrino�nuleus struture funtions are given by(suppressing the dependene on x and Q2):

F νA
1 = dA + sA + ūA + c̄A + . . . , (23)

F νA
2 = 2xF νA

1 , (24)
F νA

3 = 2
[

dA + sA − ūA − c̄A + . . .
]

. (25)
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Figure 10: Struture funtion ratio RL for neutrino and anti-neutrino nuleon (N = (p + n)/2)) sattering at Q2 = 20GeV2. The solid and dashed lines show NLO results obtainedwith the GRV98 PDFs [38℄, while the dotted line shows theLO result of Eq. (31).The struture funtions for anti-neutrino sattering areobtained by exhanging the quark and anti-quark PDFsin the orresponding neutrino struture funtions:
F ν̄A

1,2 = F νA
1,2 [q ↔ q̄] , F ν̄A

3 = −F νA
3 [q ↔ q̄] . (26)Expliitly this gives

F ν̄A
1 = uA + cA + d̄A + s̄A + . . . , (27)

F ν̄A
2 = 2xF ν̄A

1 , (28)
F ν̄A

3 = 2
[

uA + cA − d̄A − s̄A + . . .
]

. (29)The longitudinal struture funtion an be obtained withthe help of the following relation:
F νA

L = r2F νA
2 − 2xF νA

1 =
4x2M2

Q2
F νA

2 , (30)where r2 = 1 + 4x2M2/Q2. Finally, it is ustomary tointrodue the ratio of longitudinal to transverse struturefuntions:
RνA

L =
F νA

L

2xF νA
1

=
r2F νA

2

2xF νA
1

− 1 =
4x2M2

Q2
. (31)Similar equations hold for anti-neutrino sattering. Asan be seen, in leading order Rν

L = Rν̄
L. As is shownin Fig. 10, also in NLO, the di�erenes between Rν

L and
Rν̄

L are tiny suh that the di�erene between these twofuntions an be negleted in the following disussion.

C. Constraints on the PDFsThe di�erential ross setion in Eq. (1) an be writtenas:
dσ

dxdy
= K[A + B(1 − y)2 + Cy2] (32)with K =

G2

F
ME

2π(1+Q2/M2

W
)2
, A = F2 ± xF3, B = F2 ∓ xF3,and C = 2x2M2

Q2 F2 − FL where the upper sign refers toneutrino and the lower one to anti-neutrino sattering.This form of dσ shows that the (anti-)neutrino ross se-tion data naturally enodes information on the four stru-ture funtion ombinations F νA
2 ±xF νA

3 and F ν̄A
2 ±xF ν̄A

3in separate regions of the phase spae. In addition, atlarge y the struture funtion ombination C ontributes.However, to good auray Cν = C ν̄ so that C drops outin the di�erene of neutrino and anti-neutrino ross se-tions.Assuming sA = s̄A and cA = c̄A, the struture fun-tions F νA
2 and F ν̄A

2 onstrain the valene distributions
dA

v = dA − d̄A, uA
v = uA − ūA and the �avor-symmetrisea ΣA := ūA + d̄A + s̄A + c̄A + . . . via the relations:

1

x
F νA

2 = 2
[

dA
v + ΣA

]

, (33)
1

x
F ν̄A

2 = 2
[

uA
v + ΣA

]

. (34)Furthermore, we have
1

x
F νA

2 + F νA
3 = 4(dA + sA) , (35)

1

x
F ν̄A

2 − F ν̄A
3 = 4(d̄A + s̄A) . (36)Sine we onstrain the strange distribution utilizing thedimuon data, the latter two struture funtions are usefulto separately extrat the dA and d̄A distributions.For an isosalar nuleus we enounter further simpli�-ations. In this ase, uA = dA and ūA = d̄A =: q̄A whihimplies uA

v = dA
v =: vA. Hene, the independent quarkdistributions are {vA, q̄A, sA = s̄A, cA = c̄A, . . .}. In par-tiular, we have F νA

2 = F ν̄A
2 for an isosalar target suhthat our original set of 6 independent struture funtionsredues to 3 independent funtions (say F νA

2 , F νA
3 , F ν̄A

3 )under the approximations made.In a more re�ned analysis, allowing for a non-vanishingstrangeness asymmetry and isospin violation we an eval-uate the non-singlet struture funtion ∆F ν
2 ≡ F νA

2 −
F ν̄A

2 with the help of the relations in Eqs. (17) � (20):
∆F ν

2 = 2xs−,A + x δdp/A
v − x δup/A

v

+∆x[2up/A
v − 2dp/A

v + δdp/A
v − δup/A

v ] . (37)For a nulear isosalar target (Z = N = A/2, ∆ = 0)this expression simpli�es to
∆F ν

2 = 2xs−,A + x δdp/A
v − x δup/A

v . (38)



17As one an see, ∆F ν
2 will be small and sensitive to thestrangeness asymmetry and isospin violating terms forthe valene quarks.The di�erene of the neutrino and anti-neutrino ross-setions provides, in priniple, aess to this quantity:

d2σνA

dxdy
−

d2σν̄A

dxdy
≃ K[∆F ν

2 + xF ν
3

+(1 − y)2(∆F ν
2 − xF ν

3 )] (39)with F ν
3 = F νA

3 + F ν̄A
3 .It should be noted, however, that in a global �t toextrat struture funtions we do not make diret useof these equations [the (1 − y)2-dependene℄ but simplyperform a χ2-analysis of all neutrino and anti-neutrinoross setion data.VI. ISOSPIN (CHARGE SYMMETRY)VIOLATION AND ∆xF3The question of isospin violation is entral to thePW eletroweak measurement. In the NuTeV analysis,isospin symmetry was assumed. As disussed in Ref. [3℄,various models whih admit isospin violation an pull theNuTeV sin θW measurement toward the Standard Model.However it would take signi�antly larger isospin viola-tion to bring NuTeV into agreement with the rest of theworld's data. Better onstraints of isospin violation willbe ruial to the interpretation of the NuSOnG results.When we relate DIS measurements from heavy targetssuh as 56

26Fe (used in NuTeV) or 207
82 Pb (Chorus) bakto a proton or isosalar target, we generally make useof isospin symmetry where we assume that the protonand neutron PDFs an be related via a u ↔ d inter-hange. While isospin symmetry is elegant and well mo-tivated, the validity of this exat harge symmetry mustultimately be established by experimental measurement.There have been a number of studies investigating isospinsymmetry violation [39, 40, 41, 42, 43, 44, 45℄; therefore,it is important to be aware of the magnitude of potentialviolations of isospin symmetry and the onsequenes onthe extrated PDF omponents. For example, the naiveparton model relations are modi�ed if we have a violationof exat p ↔ n isospin-symmetry, or harge symmetry vi-olation (CSV); e.g., un(x) 6≡ dp(x) and up(x) 6≡ dn(x).It is noteworthy that a violation of isospin symmetry isautomatially generated one QED e�ets are taken intoaount [46, 47, 48℄. This is beause the photon ouplesto the up quark distribution up(x) di�erently than to thedown quark distribution dn(x). These terms an be asmuh as a few perent in the medium x range, see e.g.Fig. 1 in Ref. [48℄.Combinations of struture funtions an be partiu-larly sensitive to isospin violations, and NuSOnG is wellsuited to measure some of these observables. For exam-ple, residual u, d-ontributions to ∆xF3 = xF ν

3 − xF ν̄
3from harge symmetry violation would be ampli�ed due

to enhaned valene omponents {uv(x), dv(x)}, and be-ause the d → u transitions are not subjet to slow-resaling orretions whih suppress the s → c ontri-bution to ∆xF3 [41℄. Here the ability of NuSOnG toseparately measure xF ν
3 and xF ν̄

3 over a broad kinematirange will provide powerful onstraints on the sensitivestruture funtion ombination ∆xF3.Separately, the measurement of ∆F2 ≡
5
18 FCC

2 (x, Q2) − FNC
2 (x, Q2) in Charged Current(CC) W± exhange and Neutral Current (NC) γ/Zexhange proesses an also onstrain CSV [43℄; beauseNuSOnG will measure FCC

2 on a variety of targets, thiswill redue the systematis assoiated with the heavynulear target orretions thus providing an additionalavenue to study CSV.In the following, we provide a detailed analysis of CSVwhih also investigates the various experimental system-atis assoiated with eah measurement. We shall �nd itis important to onsider all the systematis whih impatthe various experimental measurements to assess the dis-riminating power.A. ∆xF3 and Isospin ViolationsWe reall the leading-order relations of the neutrinostruture funtion F3 on a general nulear target:
1

2
F νA

3 (x) = dA + sA − ūA − c̄A + ..., (40)
1

2
F ν̄A

3 (x) = uA + cA − d̄A − s̄A + ... (41)where A represents the nulear target A = {p, n, d, ...},and the �...� represent higher-order ontributions andterms from the third generation {b, t} quarks. Note thatto illustrate the general features of these proesses, weuse a shemati notation as in Eq. (40) and Eq. (41);for the numerial alulations, the full NLO expressionsare employed inluding mass thresholds, �slow-resaling�variables, target mass orretions, and CKM elementswhere appropriate.For a nulear target A we an onstrut ∆xFA
3 as:

∆xFA
3 = xF νA

3 − xF ν̄A
3

= 2x∆

[

(

up/A − dp/A
)

+
(

ūp/A − d̄p/A
)

+
1

2
δIA

]

+ 2x s+,A − 2xc+,A + x δIA + O (αS) (42)where O (αS) represents the higher order QCD orre-tions, and the isospin violations are given by δIA:
δIA = δd − δu + δd̄ − δū . (43)For a �ux-weighted linear ombination of F ν

3 and F ν̄
3 ,terms proportional to the strange quark asymmetry anenter Eq. (42), f. Refs. [39, 43, 44℄. For a sign-seleted

ν/ν̄ beam as for NuTeV or NuSOnG, this ompliation is



18not neessary. We have de�ned s±,A(x) = [sA(x)±s̄A(x)]and c±,A(x) = [cA(x) ± c̄A(x)].In the limit of isospin symmetry, all four terms onthe RHS of Eq. (43) vanish individually. For a nulearisosalar target, Z = N = A/2, we an onstrut ∆xF3from the above:
∆xF3 = xF νA

3 −xF ν̄A
3 = 2xs+,A−2xc+,A+x δIA+O (αS) .(44)Note in Eq. (42) that for a nulear target A whih islose to isosalar we have Z ∼ N suh that the up anddown quark terms are suppressed; this is a bene�t ofthe NuSOnG glass (SiO2) target whih is very nearlyisosalar. More spei�ally, for SiO2 we have Z(O) = 8,

Z(Si) = 14, m(O) = 15.994,m(Si) = 28.0855. UsingA =
Z+N we have (N−Z)/A = (A−2Z)/A for the prefatorin Eq. (42) whih yields (N − Z)/A ∼ −0.000375 for Oand (N − Z)/A ∼ 0.00304 for Si.In Eq. (42) the PDFs {up/A, dp/A, ...} represent quarkdistributions bound in a nuleus A. With a single nuleartarget, we an determine the CSV term δIA for this spe-i� A; measurements on di�erent nulear targets wouldbe required in order to obtain the A dependene of δIAif we need to sale to a proton or isosalar target.Thus, an extration of any isospin violation δIA re-quires a areful separation of these ontributions fromthe strange, harm, and higher order terms. TheoretialNLO alulations for ∆xF3 are available; thus the O (αS)orretions an be addressed. Additionally, NuSOnG anuse the dimuon proess (νN → µ+µ−X) to onstrain thestrange sea.In onlusion we �nd that while this is a hallengingmeasurement, NuSOnG's high statistis measurement of
∆xF3 should provide a window on CSV whih is rela-tively free of large experimental systematis. We empha-size that ∆xF3 may be extrated from a single target,thereby avoiding the ompliations of introduing nu-lear orretions assoiated with di�erent targets. Thisis in ontrast to the other measurements disussed below.However, if we desire to resale the δIA e�ets to a di�er-ent nuleus A, then multiple targets would be required.B. Measurement of ∆F2 ≡

5

18
F CC

2 (x, Q2)−F NC
2 (x,Q2)A separate determination of CSV an be ahieved usingthe measurement of F2 in CC and NC proesses via therelation:

∆F2 ≡
5

18
FCC,A

2 (x, Q2) − FNC,A
2 (x, Q2)

≃
1

6
x

(N − Z)

A

[(

up/A − dp/A
)

+
(

ūp/A − d̄p/A
)]

+
1

6
x s+,A(x) −

1

6
x c+,A(x) +

1

6
x

N

A
δIA

+ O(αs) (45)

with the de�nitions:
FCC,A

2 =
1

2

[

F νA
2 + F ν̄A

2

]

FNC,A
2 = F ℓA

2In Eq. (45), the �rst term is proportional to (N − Z)/Awhih vanishes for an isosalar target. The seond andthird terms are proportional to the heavy quark distri-butions s+,A and c+,A. The next term is the CSV on-tribution whih is proportional to δIA given in Eq. (43).It is urious that this has the same form as the CSV on-tribution for ∆xF3 of Eq. (42). Finally, the last termrepresents the higher-order QCD orretions.While the harater of the terms on the LHS of Eq. (44)and Eq. (45) are quite similar, the systematis of mea-suring ∆F2 may di�er substantially from that of ∆xF3.For example, the measurement of ∆F2 requires the sub-tration of struture funtions from two entirely di�er-ent experiments. The CC neutrino�nuleon data are ex-trated from heavy nulear targets (to aumulate su�-ient statistis); as suh, these data are generally subjetto large nulear orretions so that the heavy targets anbe related to the isosalar N = 1
2 (p + n) limit. Con-versely, the NC harged-lepton�nuleon proess proeedsvia the eletromagneti interation. Therefore su�ientstatistis an be obtained for light targets inluding Hand D and no large heavy target orretions are nees-sary. Therefore, we must use the appropriate nulearorretion fators when we ombine FCC

2 and FNC
2 , andthis will introdue a systemati unertainty.Separately, the heavy quark prodution mehanism isdi�erent in the CC and NC proesses. Spei�ally, in theCC ase we enounter the proess s+W+ → c where theharm mass threshold kinematis must be implemented.On the other hand, the NC proess is c + γ → c whih isproportional to the harm sea distribution and has dif-ferent threshold behavior than the CC proess. Eventhough the harm prodution proess is modeled at NLO,the theoretial unertainties whih this introdues andominate preision measurements.C. Other Measurements of CSVWe very brie�y survey other measurements of CSV inomparison to the above.The measurement of the lepton harge asymmetry in

W deays from the Tevatron an onstrain the up anddown quark distributions [49, 50℄. In this ase, the ex-tration of CSV onstraints is subtle; while isospin sym-metry is not needed to relate p and p̄, this symmetry istypially used in a global �t of the PDFs to redue dataon heavy targets to p.In the limit that all the data in the analysis were fromproton targets, CSV would not enter; hene this limitonly arises indiretly from the mix of targets whih enter



19a global �t. At present, while muh of the data doesome from proton targets (H1, ZEUS, CDF, D0), thereare some data sets from both p and d (BCDMS, NMC,E866), and some that use heavier targets (E-605, NuTeV)[29, 51℄. Thus, an outstanding question is if CSV werepresent, to what extent would this be �absorbed� into aglobal �t. The ideal proedure would be to parameterizethe CSV and inlude this in a global analysis. While thisstep has yet to be implemented, there is a reent e�ortto inlude the nulear orretions as a dynami part of aglobal �t [37℄.Additionally, NMCmeasures Fn
2 /F p

2 data whih has anunertainty of order a few perent [52℄. There are also�xed-target Drell-Yan experiments suh as NA51 [45℄ andE866 [53℄ whih are sensitive to the ratio d̄/ū in the range
0.04 < x < 0.27. We will soon have LHC data (pp) to addto our olletion, thus providing additional onstraints ina new kinemati region.D. Conlusions on Charge Symmetry ViolationNuSOnG will be able to provide high statistis DISmeasurements aross a wide x range. Beause the targetmaterial (SiO2) is nearly isosalar, this will essentiallyallow a diret extration of the isosalar observables.

∆xF3 is one of the leaner measurements of CSV interms of assoiated experimental systemati unertain-ties as this measurement an be extrated from a singletarget. The hallenge here will be to maximize the eventsamples.The measurement of ∆F2 is more ompliated as thismust ombine measurements from both CC and NC ex-periments whih introdues nulear orretion fators[37, 54℄. Sine NuSOnG will provide high statistis
FCC

2 measurements for a variety of A targets, this willyield an alternate handle on the CSV and also improveour understanding of the assoiated nulear orretions.The ombination of these measurements, together withexternal onstraints, will yield important information onthis fundamental symmetry.VII. MEASUREMENTS OF THE HEAVYQUARKSA. Measurement of the Strange SeaCharged urrent neutrino-indued harm prodution,
(ν/ν̄)N → µ+µ−X , proeeds primarily through the sub-proesses W+s → c and W−s̄ → c̄ (respetively), sothis provides a unique mehanism to diretly probe the
s(x) and s̄(x) distributions. Approximately 10% of thetime the harmed partiles deay into µ + X , adding aseond oppositely signed muon to the CC event's �nalstate. These �dimuon� events are easily distinguishable,and make up approximately 1% of the total CC event

Figure 11: NuTeV measurement of xs−(x) vs x at Q2 =
16GeV2. Outer band is ombined errors, inner band is with-out Bc unertainty.sample. Hene, the reent high statistis dimuon mea-surements [17, 18, 55, 56, 57℄ play an essential role inonstraining the strange and anti-strange omponents ofthe proton. On NuSOnG, the dimuon data will be usedin the same manner.Distinguishing the di�erene between the s(x) and s̄(x)distributions,

xs−(x) ≡ xs(x) − xs(x), (46)is neessary for the PW style analysis. This analysis issensitive to the integrated strange sea asymmetry,
S− ≡

∫ 1

0

s−(x)dx, (47)through its e�et on the denominator of the PW ratio, ashas been reognized in numerous referenes [58, 59, 60,61, 62℄).The highest preision study of s− to date is fromthe NuTeV experiment [55, 63℄. The sign seletedbeam allowed measurement of the strange and anti-strange seas independently, reording 5163 neutrino-indued dimuons, and 1380 antineutrino indued dimuonevents in its iron target. Figure 11 shows the �t for asym-metry between the strange and anti-strange seas in theNuTeV data.The integrated strange sea asymmetry from NuTeVhas a positive entral value: 0.00196 ± 0.00046 (stat)
±0.00045 (syst) +0.00148

−0.00107 (external). In NuSOnG, as inNuTeV, the statistial error will be dominated by the an-tineutrino data set and is expeted to be about 0.0002.The systemati error is dominated by the π and K deay-in-�ight subtration. This an be addressed in NuSOnGthrough test-beam measurements whih will allow a moreaurate modeling of this bakground, as well as applying



20the tehniques of CCFR to onstrain this rate [64, 65, 66℄.We expet to be able to redue this error to about 0.0002.The ombination of these redues the total error by about10%, beause the main ontributon omes from the ex-ternal inputs.The external error on the measurement is dominatedby the error on the average harm semi-muoni branhingratio, Bc:
Bc = Σi

∫

φ(E)fi(E)Bµ−idE, (48)where φ is the neutrino �ux in energy bins, fi is theenergy dependent prodution fration for eah hadron,and Bµ−i is the semi-muoni branhing ratio for eahhadron. In the NuTeV analysis, this is an external input,with an error of about 10%. To make further progress,this error must be redued.Fig. 12 shows the world measurements of Bc, takenfrom referenes [17, 56, 57, 67, 68, 69, 70℄. Measuring
Bc diretly requires the apability to resolve the indi-vidual harmed partiles reated in the interation. Thebest diret measurements are from emulsion. This kindof measurement has been performed in past experiments(E531, Chorus) using emulsion detetors [69, 70℄, wherethe deay of the harmed meson is well tagged. Sinethe ross setion for harmed meson prodution is en-ergy dependent, it is important to make a measurementnear the energy range of interest. The NuTeV strange seaasymmetry study used a re-analysis of 125 harm eventsmeasured by the FNAL E531 experiment [69℄ in the en-ergy range of the NuTeV analysis (Eν > 20 GeV). Bc hasalso been onstrained through indiret measurement via�ts.For NuSOnG, our goal is to redue the error on Bcusing an in situ measurement on glass by at least a fatorof 1.5. One method is to inlude Bc as a �t parameterin the analysis of the dimuon data. The unpreedentedlyhigh statistis will allow a �t as a funtion of neutrinoenergy for the �rst time. Dimuons from high x neutrinoDIS almost exlusively result from sattering o� valenequarks, suh that the dimuon ross setion in that regionisolates Bc from the strange sea. In dimuon �ts, theassumption is then taken that Bc−ν = Bc−ν, Bc may bemeasured diretly from the dimuon data.Unfortunately, antineutrino harm prodution is notwell measured by past experiments. This leads to on-erns about the assumption that Bc−ν = Bc−ν. Anexample of a potential soure of di�erene in neutrinoand antineutrino mode, onsider that νn → µ−Λc has noanalogous reation in the antineutrino hannel.These arguments provide the motivation for inludinga high resolution target/traker in the NuSOnG designthat an diretly measure the semileptoni branhing ra-tio to harm in both ν and ν̄ running modes. Thereare two feasible detetor tehnologies. The �rst is to useemulsion, as in past experiments. This is proven tehnol-ogy and sanning ould be done at the faility in Nagoya,Japan. The seond is to use the NOMAD-STAR detetor

Figure 12: World measurements of Bc. See refs. [17, 56, 57,67, 68, 69, 70℄.[71, 72℄ or a similar detetor. This is a 45 kg silion vertexdetetor whih ran in front of the NOMAD experiment.The target was boron arbide interleaved with the silion.This detetor suessfully measured 45 harm events inthat beam, identifying D+, D0 and Ds. A similar dete-tor of this size in the NuSOnG beam would yield about900 ν events and 300 ν̄ events. This has the advantageof being a low-Z material whih is isosalar and lose inmass to the SiO2 of the detetor.B. Strange Quark Contribution to the Proton SpinAn investigation of the strange quark ontribution tothe elasti vetor and axial form fators of the protonis possible in NuSOnG, by observing NC elasti andCC quasi-elasti sattering events; namely νp → νp and
νn → µ−p events in neutrino mode, and ν̄p → ν̄p and
ν̄p → µ+n events in antineutrino mode. The motivationfor making this measurement omes from a number ofreent (and not so reent) studies in proton struture.Over the last 15 years a tremendous e�ort has beenmade at MIT-Bates, Je�erson Lab, and Mainz to mea-sure the strange quark ontribution to the vetor formfators (that is, the eletromagneti form fators) of theproton via parity-violating eletron sattering from pro-tons, deuterons, and 4He [73, 74, 75, 76, 77, 78, 79, 80, 81,82, 83℄. The tehnique is to observe the parity-violatingbeam spin asymmetry in elasti sattering of longitudi-nally polarized eletrons from these unpolarized targets;this asymmetry is aused by an interferene between theone-photon and one-Z exhange amplitudes [84℄. As aresult, the weak neutral urrent analog of the eletro-



21magneti form fators of the proton may be measuredand this gives aess to the strange quark ontribution.This worldwide experimental program will soon be om-plete. The results available to date (from global analy-ses [85, 86, 87℄) indiate a small (and nearly zero) ontri-bution of the strange quarks to the elasti eletri formfator, Gs
E ; this is not surprising, as the total eletriharge in the proton due to strange quarks is zero. Atthe same time, these same data point to a small but likelypositive ontribution of the strange quarks to the elastimagneti form fator, Gs

M , indiating a small positiveontribution of the strange quarks to the proton mag-neti moment. Due to the prominent role played by the
Z-exhange amplitude, these experiments are also sensi-tive to the strange quark ontribution to the elasti axialform fator, whih is related to the proton spin struture.It is now well established by leptoni deep inelastisattering experiments that the spins of the valene andsea quarks in the proton together ontribute about 30% ofthe total proton intrinsi angular momentum of h̄/2. Thestrange quark ontribution is estimated to be about -10%in inlusive DIS (an analysis whih makes use of SU(3)-�avor symmetry) [88℄, but is found to be approximatelyzero in semi-inlusive DIS (an alternative analysis whihmakes no use of SU(3) but needs fragmentation funtionsinstead) [89℄. A reent global analysis [90℄ whih madeuse of both inlusive and semi-inlusive DIS and whihallowed for the possibility of SU(3)-�avor violation foundno need in the data for any violation of SU(3) and in-diated a small negative ontribution of strange quarksto the proton spin. In the deep inelasti ontext, theontribution strange quarks make to the proton spin isenapsulated in the heliity-di�erene strange quark par-ton distribution funtion,

∆s(x) = s→(x) − s←(x)where s→(x) [s←(x)℄ is the probability density for �nd-ing a strange quark of momentum fration x with its spinparallel [anti-parallel℄ to the proton spin. The axial ur-rent relates the �rst moment of this parton distributionfuntion to the value of the strange quark ontributionto the elasti axial form fator of the proton [91℄, Gs
A, at

Q2 = 0:
∫ 1

0

dx∆s(x) = Gs
A(Q2 = 0).The strange quark ontribution to the elasti axial formfator an be measured by ombining data from neutrinoNC elasti sattering from the proton with data fromparity-violating elasti ~ep sattering [92℄. In this waythe strange quark spin ontribution to the proton spinan be measured in a ompletely independent way usinglow-Q2 elasti sattering instead of high-Q2 deep inelas-ti sattering. An analysis done using this method [85℄indiates that Gs

A may in fat be negative at Q2 = 0 butthis onlusion is not de�nitive due to the limitations ofthe urrently available neutrino data.

Sine the neutrino experiments will undoubtedly bearried out on nulear targets (perhaps arbon or argon),then the extration of the properties of the proton fromthese data needs to be done with are. Reent theoretialinvestigations point to the idea of measuring the ratio ofNC to CC yields; nulear e�ets appear to largely anelin this ratio [93℄, leaving behind the ratio that would havebeen obtained on nuleon targets.The only available data on neutrino NC elasti sat-tering is from the BNL E734 experiment [94℄; the uner-tainties reported from that experiment are onsiderableand limit the preiseness of any extration of Gs
A basedon them. If NuSOnG an provide more preise measure-ments of NC elasti sattering extended to lower Q2 thenthe promise of this analysis tehnique an be ful�lled.C. Measurements of the Charm Sea:1. Charm ProdutionWe an also study the harm sea omponent of theproton whih an arise from the gluon splitting pro-ess g → cc̄ produing harm onstituents inside theproton.[95, 96, 97℄ In a measurement omplementary tothe above strange sea extration, the harm sea, c(x, µ),an be measured using the following proess:

νµ + c → νµ+ c
→֒ s + µ+ + νµ

.In this proess, we exite a onstituent harm quark inthe proton via the NC exhange of a Z boson; the �-nal state harm quark then deays semi-leptonially into
sµ+νµ. We refer to this proess as Wrong Sign Muon(WSM) prodution as the observed muon is typially theopposite sign from the expeted νµd → µ−u DIS proess.For antineutrino beams, there is a omplementary pro-ess ν̄µ + c̄ → ν̄µ + c̄ with a subsequent c̄ → s̄ + µ− + ν̄µdeay with yields a WSM with respet to the onven-tional ν̄µu → µ+d proess. Here, the ability of NuSOnGto have sign-seleted beams is ruial to this measure-ment as it allows us to distinguish the seondary muons,and thus extrat the harm-sea omponent.In the onventional implementation of the heavy quarkPDFs, the harm quark beomes an ative parton in theproton when the sale µ is greater than the harm mass
mc; i.e. fc(x, µ) is nonzero for µ > mc. Additionally, wemust �resale� the Bjorken x variable as we have a mas-sive harm in the �nal state. The original resaling proe-dure is to make the substitution x → x(1+m2

c/Q2) whihprovides a kinemati penalty for produing the heavyharm quark in the �nal state.[98℄ As the harm is pair-produed by the g → c c̄ proess, there are atually twoharm quarks in the �nal state�one whih is observed inthe semi-leptoni deay, and one whih deays hadroni-ally and is part of the hadroni shower. Thus, the ap-propriate resaling is not x → x(1 + m2
c/Q2) but instead

x → χ = x(1 + 4m2
c/Q2); this resaling is implemented



22in the ACOT�χ sheme, for example.[99, 100, 101℄ Thefator (1 + 4m2
c/Q2) represents a kinemati suppressionfator whih will suppress the harm proess relative tothe lighter quarks.The di�erential ross setion for NC neutrino satter-ing is

dσ

dξdy
(νp → νc) =

G
2

F MNEν

π
R2

Z(Q2) ×

×

[

g2
L + g2

R(1 − y)2 −
1

2
(2gLgR)

MN

Eν

]

ξ c(ξ, µ),where gL = t3 − Q2
c sin2 θW , gR = −Q2

c sin2 θW , and forharm t3 = 1/2 and Qc = 2/3. The fator RZ(Q2) =
1/(1+Q2/M2

Z) arises from the Z-boson propagator. Theorresponding result for the anti-harm is given with thesubstitutions gL ↔ gR and c ↔ c̄.In the limit we an neglet the MN/Eν term wehave the approximate expressions for the total rosssetion:[96℄
σ(νp → νc) ∼

G2
F MNEν

π
(0.129)C (49)and

σ(νp → νc̄) ∼
G2

F MNEν

π
(0.063) C̄ (50)with C =

∫ 1

ξmin

ξ c(ξ, µ) dξ and C̄ =
∫ 1

ξmin

ξ c̄(ξ, µ) dξ. Wetake ξ = x(1 + 4m2
c/Q2) and ξmin = m2

c/(2MNν).We will be searhing for the WSM signal ompared tothe onventional harged-urrent DIS proess; thereforeit is useful to benhmark the rate for WSM produtionby omparing this to the the usual harged-urrent DISproess,
dσ

dx dy
(νp → µ−X) =

G
2

F MNEν

π
R2

W (Q2) ×

×
[

q(x) + (1 − y)2q̄(x)
] (51)with RW (Q2) = 1/(1+Q2/M2

W ). We an again integrateover x and y to obtain an estimate of the total rosssetion in terms of the integrated PDFs as in Eq. (49)and Eq. (50):
σ(νN → µ−X) ∼

G
2

F MNEν

π
R2

W (Q2) ×

×
1

2

[

U + D + 2S +
1

3
(Ū + D̄ + 2C̄)

] (52)where {U, D, S} are de�ned analogously to C, and wehave used N = 1
2 (p + n) for an isosalar target.The relative rate for NC harm prodution is deter-mined by the above fators together with a ratio of inte-grated PDFs. For a mean neutrino energy of 100 GeV, the

Figure 13: Integrated momentum frations ∫ 1

0
x fi(x,Q) ofharm (upper urve) and bottom (lower urve) PDFs (in per-ent) vs. Q in GeV. Both the quark and antiquark ontri-butions are inluded. Horizontal lines at 0.5% and 1.0% areindiated as this is the typial size of postulated intrinsi on-tributions.massive harm ross setion is down a fator of ∼ 0.005ompared to the total inlusive ross setion. As themuon from the NC harm proess is a seondary muon,we must additionally fold in the semi-leptoni branhingratio Bc ∼ 10%, and the aeptane fator of observ-ing the seondary muon in the detetor (Aµ∼20%).[17℄Combining the relevant fators, we estimate the rate forNC harm prodution is approximately a fator of 10−4as ompared to the CC DIS proess. Thus, for an antii-pated design of 600M νµ CC events, one would expet onthe order of 60K NC harm events. This estimate is alsoonsistent with a diret saling from the NuTeV result ofRef. [97℄. 2. BakgroundsExtrapolating from investigations by CCFR [96℄, andNuTeV [97℄, the dominant bakground for the measure-ment of the harm sea omes from ν̄µ ontamination.In these studies, it was determined that by demanding

Evis > 100 GeV, the bakground rate ould be reduedto 2.3×10−4. Other bakground proesses inlude νe in-dued dilepton prodution, mis-identi�ed dimuon events,and NC interations with a π/K deay in the hadronshower; these proesses ontribute approximately an ad-ditional 1.5×10−4 to the bakground rate. As omparedto CCFR and NuTeV, the NuSOnG design has a numberof improvements suh as lower mass density for improvedshower measurement; hene, omparable bakground re-dutions should be ahievable.3. Intrinsi CharmIn the above disussion we have assumed that theharm omponent of the proton arises perturbatively



23from gluons splitting into harm quark pairs, g → cc̄;in this senario the harm PDF typially vanishes atsales below the harm mass (fc(x, µ < mc) = 0), and for
µ > mc all the harm partons arise from gluon splitting.There is an alternative piture where the harm quarksare taken to be intrinsi to the proton; in this ase thereare intrinsi harm partons present at sales µ < mc.For µ > mc, the harm PDF is then a ombination ofthis �intrinsi� PDF and the �extrinsi� PDF omponentarising from the g → cc̄ proess.A number of analyses have searhed for an intrinsiharm omponent of the proton, and this intrinsi om-ponent is typially onstrained to have an integrated mo-mentum fration less than a perent or two [102, 103℄.In Figure 13 we display the integrated momentum fra-tion, ∫ 1

0 x fi(x, µ), for harm and bottom as a funtion of
µ due to the �extrinsi� PDF omponent arising fromthe g → cc̄ or g → bb̄ proess. These momentum fra-tions start from zero at the orresponding quark mass,and inrease slowly as the partoni omponents pik upmomentum from the gluon splitting proess.If we are searhing for an additional intrinsi ompo-nent with a momentum fration of ∼ 1%, we will bemost sensitive to suh a omponent in the threshold re-gion where the �intrinsi� omponent is not overwhelmedby the �extrinsi� ontribution. In this regard, NuSOnGis well suited to searh for these intrinsi terms as it willprovide good statistis in the threshold region. Measur-ing the harm prodution proess desribed above, Nu-SOnG an attempt to extrat the harm PDF as a fun-tion of the µ sale, and then evolve bak to µ = mc.Three outomes are possible:1. fc(x, µ = mc) < 0, whih would imply the data areinonsistent with the normal QCD evolution.22. fc(x, µ = mc) = 0, whih would imply the data isonsistent with no intrinsi harm PDF.3. fc(x, µ = mc) > 0, whih would imply the data isinonsistent with an intrinsi harm PDF.By making aurate measurements of harm indued pro-esses in the threshold region, NuSOnG an provide adisriminating test to determine whih of the above pos-sibilities is favored. Hene, the high statistis of NuSOnGin the threshold region are well suited to further onstrainthe question of an intrinsi harm omponent.VIII. SUMMARY AND CONCLUSIONSThe NuSOnG experiment an searh for �new physis�from the keV through TeV energy sales. This artile2 If we work at NLO, fc(x, µ = mc) should be stritly greater thanor equal to zero; at NNLO and beyond the boundary onditionsyield a negative PDF of order ∼ α2

s

has foused mainly on the QCD physis whih an beaessed with this new high energy, high statistis neu-trino sattering experiment. During its �ve-year data a-quisition period, the NuSOnG experiment ould reordalmost one hundred thousand neutrino-eletron elastisatters and hundreds of millions of deep inelasti sat-tering events, exeeding the urrent world data sampleby more than an order of magnitude.With this wealth of data, NuSOnG an address a widevariety of topis inluding the following.
• NuSOnG an inrease the statistis of the Elas-ti Sattering (ES) and Deeply Inelasti Sattering(DIS) data sets by nearly two orders of magnitude.
• The unpreedented statistis of NuSOnG allow thepossibility to perform separate extrations of thestruture funtions: {F ν

2 , xF ν
e , Rν

L, F ν̄
2 , xF ν̄

e , Rν̄
L}.This allows us to test many of the symmetriesand assumptions whih were employed in previousstruture funtion determinations.

• NuSOnG will help us to disentangle the nuleare�ets whih are present in the PDFs. Furthermore,this may help us address the long-standing tensionsbetween the NC harged-lepton and CC neutrinoDIS measurements.
• High preision NuSOnG measurements are sensi-tive to Charge Symmetry Violation (CSV) andother �new physis� proesses. Suh e�ets an sig-ni�antly in�uene preision Standard Model pa-rameter extrations suh as sin θW . In partiular,

∆xF3 is a sensitive probe of both the heavy quarkomponents, and CSV e�ets.
• NuSOnG dimuon prodution provides an exep-tional probe of the strange quark PDFs, and thesign-seleted beam an separately study s(x) and

s̄(x). Additionally, NuSOnG an probe the s-quarkontribution to the proton spin.
• The high statistis of NuSOnG may allow the mea-surement of the harm sea and an method to provethe intrinsi-harm ontent of the proton. Whilethis is a di�ult measurement, the NuSOnG kine-matis allow the measurement of harm-induedproesses in the threshold region where the �intrin-si� harater an most easily be diserned.While the above list presents a very ompelling physisase for NuSOnG, this is only a subset of the full rangeof investigations that an be addressed with this faility.AknowledgmentsWe thank the following people for their informativedisussions regarding neutrino-nuleus interations. andtheir thoughtful omments on the development of this
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